Abstract: D-amino acids, the enantiomers of naturally abundant L-amino acids, bear unique stereochemistry properties that lead to the resistance towards most of the endogenous enzymes. Previous works have demonstrated applications of D-amino acids in therapeutic development with the aid of mirror-image phage display and retroinverso peptide synthesis. In this review, we highlight the recent progress and challenges in the exploration of D-amino acids at the interface of chemistry and life science. First, we will introduce some progress made in traditional application of D-amino acids to enhance biostability of peptide therapeutics. Then, we discuss some works that explore the relatively underexplored interactions between the enzyme and D-amino acids and enzymatic reactions of D-amino acids. To highlight the enzymatic reactions of D-amino acids, we will describe several emerging works on the enzyme-instructed self-assembly (EISA) and their potential application in selective anti-inflammatory or anticancer therapies. At the end, we briefly mention the challenges and possible future directions.
Introduction
As the fundamental building blocks of proteins, natural L-amino acids always serve as a starting point for protein-related research. Reflecting the L-amino acids by a mirror are their enantiomers, D-amino acids, which share identical chemical and physical properties of L-amino acids, except for their ability to rotate plane-polarized light in opposite directions. While L-amino acids serve as the elements of the natural proteins translated in the ribosome, D-amino acids are found in some posttranslational modification and peptidoglycan cell walls of bacteria. One notable example of a naturally used D-amino acid is D-Ala-D-Ala, which is the stem terminal of the peptidoglycan side-chain pentapeptide found in cell walls of Gram-positive bacteria as well as the target for the microbe inhibition by antibiotics like vancomycin (1) . The miraculous use of D-amino acids in nature also stimulates the exploration of D-amino acids for a variety of applications. For example, Kent and co-workers synthesized D-proteins -that is, the proteins consist of solely D-amino acids -through total chemical synthesis via native chemical ligation (2) . They have found out that the D-proteins and natural L-proteins display reciprocal chiral specificities on their substrates, from which they proposed that the L and D-enzymes have entirely mirrored structure of each other (3) . In another seminal work, Kim et al. demonstrated the concept of mirror-image phage display, which displays genetically encoded libraries on bacteriophages, for screening D-peptides which would bind to natural protein targets that are made of L-amino acids (4) . That elegant approach allows the use of phage display to identify biologically encoded L-peptides specifically binding to the given D-protein that is the enantiomer of the native target (e.g. a protein consisting of L-amino acid). According to the mirror symmetry, the corresponding D-peptide, as the enantiomer of that specific L-peptide, should be able to specifically bind to the natural L-target with high affinity. Despite it being costly to synthesize a D-protein, the D-peptide from such screening process, being resistant to proteolytic degradation, represents a breakthrough in manipulating D-amino acids to develop biostable inhibitors as potential therapeutics (5, 6) .
To avoid the time-consuming synthesis of D-proteins required for mirror-image phage display, Goodman and Chorev have developed a more effective approachretro-inverso peptides which consist of D-amino acids in the reverse sequence of the naturally occurring L-peptides -for the development of bioactive D-peptides (7) . Bearing a high degree of the topochemical equivalence of L-peptides, the retro-inverso peptides, presumably, would exhibit similar bioactivity for the corresponding L-peptides. Regardless of the target, focusing only on the equivalent transformation of small molecules, the retroinverso peptides show a great advantage in accessibility. Although the inherent differences of L-peptide and its retro-inverso isomer at secondary and tertiary structure prevent the complete recapitulation of the activity of the L-peptides, the retro-inverso peptides, indeed, achieve certain binding activity in a few cases (8) (9) (10) . Besides the conventional applications of D-amino acids, Xu and co-workers unexpectedly observed that D-peptides improve the selectivity of non-steroid anti-inflammatory drugs (NSAIDs) (11) , as well as the conversion of D-peptides by enzymes [e.g. phosphatases (12, 13) and carboxylesterase (14, 15) ].
Recent developments of D-peptides in biomedical research warrant a short review on the development of D-amino acid-based molecules in biomedicine, an emerging area of amino acid research (16) . This review briefly describes several representative applications of D-amino acids in biomedicine in the following order. First, we will start from the conventional application of D-amino acids, such as increasing the biostability of the peptides for making peptide hydrogels, drug delivery systems, and protein inhibitors. Then, we discuss the less than expected enzyme reactions of D-amino acids, especially highlighting the recent study of D-amino acids for enzyme-instructed self-assembly (EISA), which results in selectivity in potential anti-inflammatory or anticancer drug approaches. We hope that these discussions will help readers to appreciate the study of D-amino acids in achieving biostability (17, 18) , investigating interactions between enzymes and D-peptides (19, 20) , and improving bioactivities via the introduction of D-amino acids (21, 22) .
D-amino acids enhancing biostability
Peptides have become increasingly attractive candidates for drugs as an alternative to protein therapeutics, for targeting protein-protein interactions because of their low cost and relative easiness of production. However, the susceptibility of L-peptides to proteolysis limits their applications. Unlike L-amino acids, D-amino acids rarely act as the substrates of endogenous proteases, resulting in the resistance of D-peptides towards proteolysis. Taking this stereochemical advantage to improve in vivo proteolytic stability of bioactive molecules, Xu and coworkers have introduced D-amino acid and glycoside ( Figure 1A ) for enhancing the proteolytic resistance of small peptide hydrogelators after they demonstrated the in vivo stability of small D-peptides using a mice model (23) . Using high performance liquid chromatography (HPLC) to monitor the concentration of remaining hydrogelators, the biostability of hydrogelators 1, 2, and 3 were assessed in vitro. As shown in Figure 1B , modifying the C-terminal of short L-peptides with D-amino acids or glycoside has significantly boosted the stabilities of these peptide derivatives towards proteases (e.g. proteinase K) (24) . While all of the L-peptides undergo proteolysis catalyzed by proteinase K in 4 h, the D-amino acid and glycoside modified peptides have 15% and 45% remaining after 24 h, respectively. This result demonstrates that C-terminal conjugation of D-amino acids or glycosides to L-peptides provides a simple way to gain long-term biostability of the L-peptides for the development of biostable hydrogels. Although PEGylation increases the stability of proteins, it may decrease the efficacy of peptides because it reduces effective collision. Thus, D-peptides may be advantageous if they have the same activity as the L-peptides. Moreover, D-peptides may resist PARSylation (25), a key step in the protein degradation machinery.
The significantly improved biostability of D-peptides usually leads to longer in vivo circulation half-time, making the D-peptide-based drug delivery system (23) more attractive and efficient than their L-peptide counterparts. For example, receptor-mediated transcytosis (RMT), which recognizes and facilitates drug delivery by transferring ligands, promises to overcome the major challenge -the blood-brain barrier (BBB) -for treating central nervous system diseases (26) . While the substrates of RMT are normally L-peptides, Lu and co-workers, surprisingly, found that (23), these results underscore the importance of biostability of the drug carriers in vivo. However, the rather long sequence of this peptide (16 amino acid residues) and the requirement of the assistance of liposomes for the delivery of the drug, unfortunately, diminish the significance of this interesting observation. In addition, the presence of multiple arginine residues in the sequence of CDX suggests that the uptake may be mediated by heparin (27) .
The increased stability of peptide drugs could significantly boost treatment efficacy for treating lifethreatening diseases, such as cancers. Activation of the tumor suppressor protein p53, which is responsible for genetic stability and tumor suppression, is a promising approach to develop anticancer drugs (28) . One indirect strategy is to block the binding between p53 and its negative regulator mouse double minute 2 homolog (MDM2)/protein Mdm4 (MDMX) that is expressed in 50% of cancer cells (29) . Being explored as promising inhibitors for protein-protein interaction, peptide inhibitors suffer from instability against protease digestion, which prevents their success in applications as human therapeutics. Lu and co-workers, using mirror phage display (6), developed the new inhibitors D PMI-α ( Figure 2A ) and D PMI-γ ( Figure 2B ) for disrupting p53-MDM2/MDMX interactions. With the help of a liposome delivery system, the D-peptide inhibitors have shown significant inhibition to human glioma cell U87 while the L-peptide inhibitor L PMI-α hardly inhibit the cells at the same condition ( Figure 2C ). In further in vivo experiments, D PMI-α also shows significant inhibition of tumors ( Figure 2D ). This work suggests that it would be useful and worthwhile to develop a way to enhance the cellular uptake of D-peptides (14) , such as D PMIs.
Enzymatic transformation of unnatural substrates
Based on that phosphorylation/dephosphorylation of proteins is a fundamental process for regulating the functions of proteins for signal transduction, Xu and co-workers demonstrated the use of phosphatases to dephosphorylate a precursor to form a supramolecular hydrogel, which has been applied to the D-peptidic substrate as well. Being segments of natural proteins, L-peptides tend to be good substrates for most enzymes; however, their D-counterparts, due to chirality mismatch with the binding pockets of naturally evolved enzymes, usually are poor substrates for endogenous enzymes, particularly proteases. Therefore, few reports focus on the interactions between natural enzymes and unnatural D-amino acids. Xu and co-workers recently explored the interactions between alkaline phosphatase and its substrates -an N-terminal-capped L-tetrapeptide and its D-counterpart (12) . According to the binding model ( Figure 3A and B) , it is clear that the phosphate group of the D-peptide is able to bind to the active site of alkaline phosphatase with little hindrance. The nuclear magnetic resonance (NMR) data shows that the chirality of the substrate hardly has any effect on the rate of enzymatic dephosphorylation in water, which agrees with the model. Conjugating the tetrapeptide with an environment sensitive dye, NBD, makes a substrate ideal for imaging intracellular self-assembly catalyzed by the phosphatases (Figure 3C and D) . Compared to its L-counterpart, the D-peptide conjugate exhibits faster emergence of fluorescence in HeLa cells, agreeing with the higher stability of the D-peptide towards proteolytic degradation. Furthermore, after connection to an anticancer drug, paclitaxel (i.e. taxol), the D-peptide derivative exhibits a similar in vivo anticancer effect as that of L-isoform ( Figure  3E and F) . This result demonstrates the feasibility of applying D-peptides in the development of drug candidates for chemotherapy.
The increasing knowledge of the interactions between the substrates and enzymes facilitates the use of various enzymes for the synthesis of a wide range of molecules. Proteases represent an important class of established reagents in stereospecific reactions in organic synthesis, especially in the total synthesis of peptides and proteins (30) . However, risks associated with unexpected proteolytic cleavage during ligation reactions limit their use. Wehofsky et al. developed an innovative method to use D-amino acid specific protease for L-peptide ligation ( Figure 3G ), which prevents unexpected cleavage by the protease (31) . Using the substrate-mimetic strategy, the authors found that the D-amino acid specific protease is able to catalyze the ligation of nonspecific L-peptides. After identifying a suitable enzyme, alkaline D-peptidase (ADP), from Bacillus cereus and their mimetic substrates, the authors synthesized protein peptidyl-prolyl cis-trans isomerase parvulin 10 (Par10) from Escherichia coli as a model protein for evaluating the above method. The activity and SDS-PAGE results ( Figure 3H and I) show that this method is capable of synthesizing active native proteins in 61% yield without proteolytic side reactions.
Selectivity arising from D-amino acid (or the aggregates of D-amino acids)
Severe adverse effects, including inhibition of untargeted proteins and toxicity to normal tissues, restrict applications of many therapeutic reagents (32) . Molecular hydrogels could trap therapeutics around the lesion and keep them away from normal tissues, which is ideal for localized drug delivery (33, 34) . Recently, Xu and co-workers developed an unconventional strategy to minimize the adverse effects of non-steroidal anti-inflammatory drugs (NSAIDs) using multifunctional molecular hydrogels (11) . Based on the crystal structure of cyclooxygenase-2 (COX-2), the C-terminal modification of naproxen (Npx) hardly hinders the drug-protein interaction. A series of D-amino acids-Npx conjugates ( Figure 4A ), which afford homogenous hydrogels, exhibit highly selective COX-2 inhibition. In vitro inhibition assays show that ( Figure 4B ) the attachment of small D-peptides to Npx greatly increases its inhibition selectivity towards COX-2, as the ratio of IC 50 for COX-1 to IC 50 for COX-2 increased from 0.7 to 13.5. The selectivity gained by using D-peptide in Npx-containing hydrogelators promises to decrease effectively the adverse gastrointestinal and renal effects associated with COX-1 binding. In addition, the steady release of Npx-containing hydrogelator from the hydrogels ( Figure 4C ) indicates that these hydrogels may serve as topical gels for sustained drug delivery of pain medicine.
In comparison with normal cells, certain cancer cells overexpress certain enzymes such as phosphatase and esterase, which are commonly used as cancer biomarkers (35) . Taking advantage of the overexpression of esterases in cancer cells, Xu et al. developed a series of enzyme generated hydrogels that form inside the cells for controlling the cell fate (36) . Besides the intracellular hydrogelation, Xu and co-workers recently found that a small D-peptide derivative ( Figure 5B ) forms fibrous nanonets on cancer cells, but not around normal cells ( Figure 5A ) (37) . The formed pericellular hydrogel further disturb cell communication, block cellular mass exchange, and lead to cancer cell apoptosis. A visible layer of hydrogel-like material, which has fibrous nanostructure under scanning electron microscopy (SEM) ( Figure 5C ), builds upon HeLa cells after incubating the cells with 11p, the precursor of 11 and the substrate of alkaline phosphatases. However, compound 11 is unable to form directly such a pericellular structure at the same concentration of 11p. This result reveals the importance of enzymatic dephosphorylation in the formation of the hydrogel. The confocal images ( Figure 5D ) show that the HeLa cells incubated with 11p have intense red fluorescence after Congo red staining. DAPI, a nucleus dye, colocalizes with Congo red, which validates the existence of nanofibers and their function to block mass exchange. This work demonstrates that molecular nanofibers of D-peptides, formed by localized enzyme-instructed self-assembly of innocuous monomers on the cell surface, can selectively inhibit cancer cells.
Outlook
The examples described above underscore several opportunities and challenges for the applications of D-amino acids in biomedicine. While the replacement of L-amino acids with D-amino acids greatly increases the stability towards proteolysis, this property alone is unable to compensate the decrease of the affinity in the case of retro-inverso peptides. Despite the impressive achievement in the use of D-proteins to develop high-affinity D-peptides, the low cellular uptake of D-peptides remain an unmet challenge. The recent use of taurine to promote the uptake of D-peptides (14) has offered a potential approach to address this problem, but the parameters of that approach remain to be explored and defined. One place to draw inspiration for the application of D-amino acids is nature. Some pharmaceutically important peptide antibiotics (e.g. gramicidins, actinomycins, bacitracins, and lantibiotics) incorporate D-amino acids, which may serve as a useful blueprint. The assemblies of D-peptides (38) (39) (40) (41) (42) , in fact, represent a useful but less explored type of biological entities, which deserve further exploration and may lead to more surprises. Overall, D-amino acids belong to a less explored territory for scientists. The studies of D-amino acids will likely receive increased attention, generate more useful results (43) , and lead to previously unexplored applications. 
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